In a previous study, we found that ERGIC3 was a novel lung cancer-related gene by screening libraries of differentially expressed genes. In this study, we developed a new murine monoclonal antibody (mAb) against ERGIC3. This avid antibody (6-C4) is well suited for immunohistochemistry, immunoblotting and solid-phase immunoassays. Furthermore, we systematically investigated expressions of ERGIC3 in a broad variety of normal human tissues and various types of tumors by immunohistochemistry. In normal human tissues, 6-C4 reacted only in some epithelial cells, such as hepatocytes, gastrointestinal epithelium, ducts and acini of the pancreas, proximal and distal tubules of the kidney, and mammary epithelial cells; however, most normal human tissues were not stained. Moreover, almost all carcinomas that originated from the epithelial cells were positive for 6-C4, whereas all sarcomas were negative. Notably, 6-C4 strongly stained non-small cell lung cancer (NSCLC) cells but did not react with normal lung tissues. Hence, ERGIC3 mAb could be used in histopathological diagnosis and cytopathological testing to detect early-stage NSCLC. We also studied the mechanisms of ERGIC3 regulation in vitro and in vivo by means of bioinformatics analysis, luciferase reporter assay, miRNA expression profiling and miRNA transfection. Results showed that miR-203a downregulation induced ERGIC3 overexpression in NSCLC cells.
In a previous study, we found that ERGIC3 was a novel lung cancer-related gene by screening libraries of differentially expressed genes. In this study, we developed a new murine monoclonal antibody (mAb) against ERGIC3. This avid antibody (6-C4) is well suited for immunohistochemistry, immunoblotting and solid-phase immunoassays. Furthermore, we systematically investigated expressions of ERGIC3 in a broad variety of normal human tissues and various types of tumors by immunohistochemistry. In normal human tissues, 6-C4 reacted only in some epithelial cells, such as hepatocytes, gastrointestinal epithelium, ducts and acini of the pancreas, proximal and distal tubules of the kidney, and mammary epithelial cells; however, most normal human tissues were not stained. Moreover, almost all carcinomas that originated from the epithelial cells were positive for 6-C4, whereas all sarcomas were negative. Notably, 6-C4 strongly stained non-small cell lung cancer (NSCLC) cells but did not react with normal lung tissues. Hence, ERGIC3 mAb could be used in histopathological diagnosis and cytopathological testing to detect early-stage NSCLC. We also studied the mechanisms of ERGIC3 regulation in vitro and in vivo by means of bioinformatics analysis, luciferase reporter assay, miRNA expression profiling and miRNA transfection. Results showed that miR-203a downregulation induced ERGIC3 overexpression in NSCLC cells.
C
ancer is a major cause of mortality worldwide.
(1) Lung cancer is the leading cause of cancer-related deaths, accounting for 20% of all cancer deaths. (2) Lung cancer is divided into small-cell lung cancer and non-small cell lung cancer (NSCLC), and the latter accounts for more than 80% of all lung cancer types, including adenocarcinoma (AC), squamous cell carcinoma (SCC) and large-cell carcinoma. ( 3) The overall 5-year survival rate of lung cancer has merely improved from 12% to 16% over the recent three decades, as observed in 80% of patients diagnosed with metastatic disease and more than half of patients with distant metastases. (4) Early detection and improved monitoring of lung cancer are urgently needed. Sputum cytology and examination of blood biomarkers, including circulating DNA and RNA, exosomal micro-RNA, circulating tumor cells, and antigens, are potential approaches for the early detection of lung cancer. (5) However, although some biomarkers, such as carcinoembryonic antigen (CEA) and cytokeratin 19 fragment antigen 21-1 (CYFRA 21-1), have been used to screen for lung cancer, the specificity and sensitivity remain unsatisfactory. (6, 7) Therefore, novel tumor biomarkers and tests need to be developed. (8) In a previous study, we used NSCLC and normal lung tissues to construct libraries of differentially expressed genes, and found that endoplasmic reticulum-Golgi intermediate compartment protein 3 (ERGIC3) is strongly overexpressed in NSCLC, and this overexpression promotes proliferation and migration of NSCLC cells. (9) ERGIC3 (Erv46 and ERp43) is located in the cis face of the Golgi apparatus and vesicular tubular structures between the transitional endoplasmic reticulum (ER) and cis-Golgi. (10) ERGIC3 significantly affects cell growth and causes ER stressinduced cell death, and is involved in the invasion and metastasis in hepatocellular carcinomas (HCC). (11, 12) Considering the high sensitivity and specificity of ERGIC3 expression in NSCLC, and the roles of ERGIC3 in cancer development and progression, in embarking on this study we believed that ERGIC3 may be a potential biomarker of NSCLC. (13) In this study, we developed a new murine monoclonal antibody (mAb) against ERGIC3, and systematically investigated ERGIC3 expressions in a broad variety of normal human tissues and various types of human tumors. The mechanisms of ERGIC3 regulation were also studied.
Materials and Methods
Cell lines and tissue samples. Lung cancer cell lines, including A549 (AC), 801-D (large cell carcinoma), EPLC-32M1 (SCC), NCI-H292 (mucoepidermoid carcinoma), and XLA-07 (AC), (14) were cultured with RPMI 1640 containing 10% FBS. 16HBE (an immortalized human bronchial epithelial cell line) was maintained in DMEM containing 10% FBS.
Normal adult human tissues were obtained from surgical specimens or following autopsies performed <10 h after death. Only specimens maintaining good histological preservation were used. Among these, 23 lung tissue samples obtained from patients with bullous lung disease and inflammatory pseudotumors through surgical operation were used as "normal lung tissues." A total of 110 resected tumors, including 15 various types, were studied. The tumor types were identified based on microscopic examination according to the international classification. (15) All tissue samples were fixed in 10% buffered formalin and embedded in paraffin for immunohistochemistry. Seven cases of fresh NSCLC and adjacent nonmalignant lung tissues were used for isolation of RNA and proteins. The study was approved by the local research ethics committee.
Preparation of mAb. For generation of mAb to ERGIC3, a peptide of ERGIC3 (Gene ID: 51614) coupled to KLH via an Nterminal cysteine was synthesized by GL Biochem, Shanghai, China (Fig. 1a) . Eight-week-old BALB ⁄ c mice were immunized subcutaneously with the ERGIC3 peptide emulsified using complete Freund's adjuvant (Sigma-Aldrich, St. Louis, MO, USA). A booster injection was given intraperitoneally with the peptide emulsified using incomplete Freund's adjuvant (Sigma-Aldrich) 3 days before the animals were killed. Titers of anti-serums to ERGIC3 were assayed by solid-phase ELISA. Western blot analysis was used to evaluate whether the anti-serum could recognize the native ERGIC3 protein. When titers of ERGIC3-specific antibodies reached 1:10 000, the immunized mice were killed and the spleen was removed for cell fusion. (16) All experiments were carried out according to the regulations for animal experimentation and approved by the appropriate authorities.
The spleen cells were fused with SP2 ⁄ 0 myeloma using 50% polyethylene glycol solution, and then cultivated in hypoxanthine, aminopterin and thymidine medium. The candidate hybridomas that secreted the antibody with high titer and desired specificity were screened and identified by ELISA. To ensure that the mAb was secreted by the progeny of a single cell, sub-cloning was performed by limiting dilution.
ELISA assay. Antigens were coated on microplates. The plates were blocked with 2% BSA, and then incubated with antibodies. Subsequently, peroxidase-labeled anti-mouse antibody was added, followed by color reaction developed with ophenylenediamine dihydrochloride. After the reaction was stopped with 2.5 M sulfuric acid, the optical density (OD) was determined using a microplate reader (BioRad, Hercules, CA, USA) at 490 nm.
Western blot. Total protein was prepared from cultured cells and tissues through protein lysis. The lysate was centrifuged. Supernatants were boiled in sodium dodecyl sulfate-polyacrylamide gel reducing buffer, separated by electrophoresis, and then transferred to polyvinylidene difluoride transfer membrane. After blocking with 2% BSA, the membrane was incubated with antibodies, and then treated with peroxidase-conjugated antimouse antibody, followed by the addition of chemiluminescence reagents (Thermo Fisher Scientific, Waltham, MA, USA). GAPDH was used as an internal control.
Immunofluorescence staining. Cells were seeded on coverslips. The slides were fixed with ice-cold acetone and the permeations were performed using digitonin for 10 min. The cells were blocked with 2% BSA and incubated with antibodies. Subsequently, the slides were incubated with FITC-conjugated goat anti-mouse antibody. The nuclei were counterstained with 4,6-diamidino-2-phenylindole. Finally, the slides were analyzed under confocal laser scanning microscopy.
Immunohistochemistry. The paraffin sections were deparaffinized, and the antigen retrieval was performed using 10 mM sodium citrate buffer through pressure cooker processing for 5 min. Endogenous peroxidase activity was eliminated with 3% H 2 O 2 . The sections were blocked using 2% BSA, incubated with antibodies, and then treated with peroxidase-labeled goat anti-mouse antibody. The color development was performed with 3,3 0 -diaminobenzidine. Hematoxylin was used for counterstaining. Negative controls were performed using SP2 ⁄ 0 cell supernatant instead of the antibody.
Quantitative real-time polymerase chain reaction. Total RNA was isolated from the cultured cells and tissues using TRIzol (Invitrogen, Carlsbad, CA, USA). The cDNA was synthesized with M-MLV Reverse Transcriptase (Promega, Madison, WI, USA) using RNA samples as the template. The quantitative RT-PCR (qRT-PCR) assay was performed for ERGIC3 and internal control (b-actin) as described previously. (9) All samples were run in triplicate to ensure quantitative accuracy, and the threshold cycle numbers (C t ) were averaged. Upregulation or downregulation of target genes was determined using the 2 ÀDDCt method. (17) For examination of miRNA, total RNA were used in 59 miScript HiSpec Buffer (QIAGEN, Suzhou, China) according to the manufacturer's protocol. The cDNA was prepared using the miScript II RT Kit (QIAGEN). The qRT-PCR assay was performed using a target-specific primer and the miScript SYBR Green PCR Kit (QIAGEN), which contains the miScript Universal Primer (reverse primer) and QuantiTect SYBR Green PCR Master Mix. The U6 was used as an internal control. The C t of target miRNA were determined as described above.
All primers used in the study are listed in Supplementary  Table S1 .
Bioinformatics prediction. The miRNA that may target ERGIC3 were predicted through bioinformatics analysis using algorithms, RNAhybrid (http://bibiserv.techfak.uni-bielefeld.de/ rnahybrid) and miRecords (http://mirecords.biolead.org/prediction_query.php).
MiRNA expression profiling. MiRNA expression profiling was determined in cultured cells through miRNA sequencing (a) using Hiseq 2000 platform by BGI Tech (Shenzhen, China: http://bgitechsolutions.com). Differentially expressed miRNA were found through comparing miRNA expression profiling of NSCLC cells (A549, 801D, EPLC-32M1) with that of 16HBE.
Transient transfection of miRNA. Cultured cells were seeded in 12-well plates at a density of 30-50%, and then transfected, respectively, with 150 nM has-miRNA mimics or inhibitors, as well as the same amount of mimic or inhibitor controls (RiboBio, Guangzhou, China) using lipofectamine 2000 (Invitrogen) according to the instruction manual.
Luciferase reporter assay. The predicted target site of miR203a was amplified from the genomic DNA of EPLC-32M1 cells (primers in Suppl. Table S1 ) and was inserted into the KpnI and HindIII restriction sites of the pGL-3 basic vector (Promega). The cells were co-transfected with the pGL-3 luciferase construct and Renilla luciferase plasmid (pRL-TK) along with the miR-203a mimic or its negative control using Lipofectamine 2000. The pRL-TK plasmid was used as an internal control. After transfection, the luciferase activities were measured using Dual-Luciferase Reporter System (Promega) according to the manufacturer's instructions.
Cell viability assay. Cell viability and proliferation was analyzed by using WST-1 assay. At 48, 72 and 96 h after the treatments, the WST-1 reagent (Roche Molecular Biochemicals, Rotkreuz, Switzerland) was added and incubated for 2-3 h at 37°C. The absorbance of converted dye was measured at 490 nm by microplate reader (BioRad).
Statistical analysis. Data of mRNA and protein levels, as well as cellular proliferation were analyzed using the paired t-test. All of the values were evaluated using IBM SPSS 19 (SPSS, Chicago, IL, USA). Differences were considered significant if P < 0.05.
Results
A new monoclonal antibody to ERGIC3 was developed. After cell fusion was performed, six strongly positive clones were obtained (Suppl. Fig. S1a) . A monoclonal hybridoma was established from 06-C4 after three rounds of sub-cloning (Suppl. Fig. S1b ). The mAb secreted by the monoclonal hybridoma was named "6-C4." The isotype of mAb 6-C4 was IgG2b (j light chain).
6-C4 reacted with the ERGIC3 peptide and the native protein extracted from NSCLC cells, but not with BSA, and plasma, saliva and urine samples from three normal adults, as revealed by ELISA (Fig. 1b) . A clear single band was detected at approximately 50 kD using 6-C4 by western blot analysis with the native protein, similar to the preliminary result using the sera of immunized mice (Fig. 1c and Suppl. Fig. S1c ). The immunofluorescence staining of 6-C4 was localized around the Golgi apparatus and the ER (Fig. 1d) . NSCLC and HCC tissues were strongly stained by immunohistochemistry using 6-C4 (Suppl. Fig. S1d ). These observations are consistent with our previous finding in which anti-ERGIC3 serum (Abcam, Cambridge, UK) was used, and a previous study. (9, 12) These results indicated that 6-C4 specifically recognizes ERGIC3.
ERGIC3 expression was determined in normal adult human tissues. Studies have not been previously conducted on ERGIC3 expression in a broad variety of normal human tissues. Therefore, we examined the expressions of ERGIC3 in various normal human tissues using 6-C4; the results are shown in Table 1 and Figure 2 . Most normal tissues were not stained with 6-C4. However, the cytoplasm of some epithelial cells was positively stained. By contrast, all non-malignant lung tissues were negative for 6-C4 staining.
ERGIC3 expression was determined in various tumor tissues. Immunohistochemical results of ERGIC3 in 15 types of human tumors using 6-C4 are shown in Table 2 and Figure 3 . ERGIC3 was strongly expressed in all carcinomas originating from the epithelial cells, but all sarcomas were negative for 6-C4.
Using western blot with 6-C4, all cultured NSCLC cells expressed higher levels of ERGLC3 than 16HBE. (Fig. 4a,b) . This expression pattern of ERGIC3 protein is consistent with that of ERGIC3 mRNA (Fig. 4d) .
ERGIC3-related miRNA were identified in non-small cell lung cancer cells. Many cancer-related genes are regulated by miRNA. (18) By bioinformatics analysis we predicted that 398 miRNA may bind to ERGIC3 mRNA. Moreover, we found 87 consensus differentially expressed miRNA by comparing the miRNA profiles of NSCLC cells (A549, 801D and EPLC-32M1) with those of 16HBE. Integrating the candidate miRNA predicted by bioinformatics analysis and the differentially expressed miRNA detected by the miRNA expression profiling, we found that miR-140-3p and miR-203a may target ERGIC3 and that they were differentially expressed in NSCLC cells. Therefore, the two miRNA were selected for further research. MiR-490-3p participates in ERGIC3 regulation in HCC; (12) as such, miR-490-3p was also investigated. Through qRT-PCR, it was found that MiR-140-3p expression was higher in NSCLC cells than in 16HBE (Suppl . Fig. S2a) ; by contrast, miR-203a expression was lowed in NSCLC cells than in 16HBE (Fig. 4c) . The qRT-PCR results of miR-140-3p and miR-203a are also consistent with those of miRNA expression profiling. No significant difference in miR-490-3p expression was observed between NSCLC cells and 16HBE (Suppl. Fig. S2c) . Interestingly, miR-203a expression levels were negatively correlated with ERGIC3 expression (Fig. 4c,d ).
ERGIC3 levels were negatively correlated with miR-203a in non-small cell lung cancer. MiR-203a was downexpressed in NSCLC tissues compared with adjacent non-malignant tissues (Fig. 4f) ; by contrast, ERGIC3 was upregulated in NSCLC tissues (Fig. 4e ). ERGIC3 and miR-203a expression were negatively correlated in patients' tissues, similar to that in cultured cells. ERGIC3 expression was regulated by miR-203a in non-small cell lung cancer cells. MiRNA can downregulated gene expression through either translation inhibition or mRNA degradation via binding to mRNA. (18) In bioinformatic analysis, miR203a can bind to ERGIC3, and the sequence alignment of the miR-203a binding site is conservative among primates, even in mammals (Fig. 5a) . A luciferase reporter assay conducted using ERGIC3 construct that contained the potential binding site of miR-203a showed that the luminescence intensities were significantly reduced by the miR-203a mimic (Fig. 5a) . Furthermore, the miR-203a mimic treatment increased miR-203a expression (Fig. 5b) and decreased ERGIC3 expression (Fig. 5c-e) . However, ERGIC3 expression was increased by the miR-203a inhibitor ( Fig. 5f-h ). Unfortunately, ERGIC3 expressions were not significantly changed by miR-140-3p and miR-490-3p mimic treatments (Suppl. Fig. S2b,d ).
MiR-203a expression affected cellular morphology and proliferation. Considering the novel discovery of miR-203a in NSCLC, we further investigated the possible functions of miR203a. XLA-07 (with low endogenous miR-203a level) and 16HBE (with high endogenous miR-203a level) were treated with the miR-203a mimic and inhibitor, respectively. The MiR-203a mimic caused an evident morphological change (from the spindle-like appearance to the round shape, Fig. 6a ) and significantly reduced the cell proliferation in XLA-07 (Fig. 6c) . Notably, changes induced by the miR-203a mimic were similar to the alterations caused by ERGIC3 RNA interference in NSCLC cells. (9) However, significant alterations in cellular morphology and proliferation were not observed in 16HBE after miR-203a inhibitor treatment was administered (Fig. 6a,b) .
Discussion
Cancer is a disease caused by the accumulation of genetic and epigenetic alterations. As such, expressions and functions of cancer-related genes should be investigated to understand carcinogenesis and to identify cancer biomarkers. In a previous study, ERGIC3 was found to be a novel lung cancer-related gene. In addition, overexpressed ERGIC3 promotes cellular proliferation and migration. (9) ERGIC3 is coupled with Erv41p to form an integral membrane protein complex as components of COPII vesicles, which play an important role in protein transportation via the secretory pathway. (19) (20) (21) Abnormal ERGIC3 expression can affect cell growth and ER stress-in- duced cell death, and contribute to epithelial to mesenchymal transition. (11, 12) Thus, ERGIC3 may be a potential cancer biomarker. In this study, a new mAb (6-C4) against ERGIC3 was developed. The proposed antibody is well suited for immunohistochemistry, immunoblotting and ELISA. To our knowledge, 6-C4 is the first murine mAb towards ERGIC3. 6-C4 could be used to investigate the expression and functions of ERGIC3.
We systematically studied expressions of ERGIC3 in normal human tissues and tumors by immunohistochemistry using 6-C4. The staining was not observed in the most normal human tissues. However, 6-C4 reacted with some epithelial cells, such as hepatocytes, gastrointestinal epithelium, ducts and acini of pancreas, proximal and distal tubules of kidney, and mammary epithelial cells. The expression of ERGIC3 in these epithelial cells may be closely related with its functions. ERGIC3 participates to form vesicles of the protein transport and secretion. (20, 21) These epithelial cells stained by the ERGIC3 mAb are very active in protein synthesis and secretion. We found that almost all carcinomas that originated from the epithelial cells were positively stained with 6-C4; by contrast, all sarcomas were negative for 6-C4. Therefore, we suggested that ERGIC3 may be a biomarker to distinguish between carcinomas and sarcomas in histopathological diagnosis. However, a larger number of cases should be investigated to draw final conclusions. We also observed that NSCLC cells were strongly stained with 6-C4; however, all of the cells (including bronchial epithelial cells and alveolar cells) in non-malignant lung tissues were negative for 6-C4. These findings were similar to our previous observation in which anti-ERGIC3 serum purchased from Abcam was used. (9) These results showed that ERGIC3 has higher specificity and sensitivity for NSCLC than CEA and CYFRA 21-1 in immunostaining. (6, 7) Hence, ERGIC3 may be used to distinguish NSCLC from benign lesions of the lung. More importantly, ERGIC3 mAb might be applied in the sputum test to detect early-stage lung cancer. Early diagnosis and treatment have a decisive influence on lung cancer prognosis. Thus, new methods should be developed to detect early-stage lung cancer. This study is continuing in our laboratory.
ERGIC3 overexpression has been observed in NSCLC. However, molecular mechanisms underlying ERGIC3 alteration remain elusive. MiRNA are a family of small non-coding RNA, approximately 21 to 25 nucleotides in length, (22, 23) that target mRNA at complementary sites in the 3 0 -UTR and coding domain sequence to regulate gene expression at a posttranscriptional level. (24) MiR-203a (also named miR-203), which was first assigned as a skin-related miRNA, (25, 26) is involved in cancer development and progression by targeting different genes. (27) (28) (29) (30) In this study, reduced miR-203a expression was one of the mechanisms found to underlie ERGIC3 overexpression in NSCLC. Our finding was supported by the following evidence: (i) miR-203a can bind to ERGIC3 mRNA by bioinformatic prediction; (ii) a luciferase reporter assay verified that ERGIC3 was targeted by miR-203a directly; (iii) ERGIC3 expressions were negatively correlated with miR203a in cultured cells and tissues obtained from patients with NSCLC; (iv) ERGIC3 was downregulated at mRNA and protein levels by the increased miR-203a expression in NSCLC cells; (v) ERGIC3 was upregulated at mRNA and protein levels by the reduced miR-203a expression in human bronchial epithelial cells; and (vi) the forced expression of miR-203a led to changes in cellular morphology and proliferation of cultured NSCLC cells, which were similar to the effects induced by the decreased ERGIC3 expression. (9) MiR-203a has been regarded as a tumor suppressor miRNA that participates in cancer development and progression. (27) (28) (29) (30) Here, miR-203a regulated the cellular proliferation and the expression of functional gene in NSCLC, suggesting that miR-203a might be a tumor suppressor miRNA in lung cancer. Surprisingly, significant alterations in cellular morphology and proliferation were not observed in immortalized human bronchial epithelial cells after miR-203a inhibitor treatment. We cannot explain this phenomenon. We speculated that cancer cells showed higher sensitivity to the change of miR-203a than normal cells, because normal cells have better regulation and balanced systems than cancer cells. Taken together, miR-203a might be a reasonable biomarker and therapeutic target for lung cancer. However, further research is necessary. In a previous study, miR-490-3p increased ERGIC3 mRNA and protein levels by binding to the 3 0 -UTR of ERGIC3 in HCC cells; this interaction is in contrast to most miRNA-mRNA interactions.
(12) However, we did not find that miR-490-3p significantly affected ERGIC3 expression in NSCLC cells. The mechanisms of ERGIC3 regulation may differ in various cancers.
In conclusion, a new murine mAb against ERGIC3 (6-C4) was developed, and the avid antibody is well suited for immunohistochemistry, immunoblotting and ELISA. 6-C4 strongly stained NSCLC cells but did not react with normal lung tissues. Thus, this mAb might be used in the histopathological diagnosis and cytopathological testing to detect earlystage lung cancer. Furthermore, miR-203a downregulation induced ERGIC3 overexpression in NSCLC cells.
Supporting Information
Additional supporting information may be found in the online version of this article: Fig. S1 . Establishment and identification of monoclonal antibodies (mAb) to ERGIC3. ELISA analysis demonstrated positive hybridomas of anti-ERGIC3 mAbs after cell fusion was completed (a) and the positive rate of approximately 95% after rounds of sub-cloning was performed by limiting dilution (b). Sera of mice immunized with the ERGIC3 peptide that recognized the protein extracted from cultured cells at approximately 50 kD in immunoblot (c). 6-C4 strongly stained non-small cell lung cancer (NSCLC) and hepatocellular carcinoma (HCC) tissues in immunohistochemistry, and SP2 ⁄ 0 supernatant was used as a negative control (d). 
